We report the design and characterization of high frequency, resonant acousto-optic modulators (AOM) in a MEMS foundry process. The doubly-resonant cavity design allows us to measure acousto-optic modulation at frequencies up to 3.5 GHz with high modulation efficiency. These devices can serve as the building block for fast spatial light modulators (SLM), low-cost integrated free space optical links and optically enhanced low-noise RF receivers.
(5.6 GHz) ≈ 1.55 µm) which allows us to confine them in nanoscale cavities and increase the interaction strength by engineering larger spatial mode overlap 3 . This becomes critical when long interaction lengths are not available, e.g. in surface-normal operation. To exploit this efficiency advantage of AOMs, two key challenges must be overcome: low operation frequencies and foundry (CMOS) incompatibility. AOMs have traditionally been built with bulk crystals like quartz and tellurium dioxide 4 , which are not available in foundries and moreover limit the operating frequency to ≈ 500 MHz. The lack of foundry compatibility has prevented AO devices from achieving the integration, cost and complexity benefits that has revolutionized integrated electronics and photonics. An efficient high-frequency AOM can serve as the building block for a wide variety of applications. For example: a 2D array of these devices can be used as a high-speed spatial light modulator with tens of MHz bandwidth, far exceeding those of liquid crystal on silicon devices 5 . By increasing the modulation bandwidth to ≈ 100 MHz, we can envision a viable free space optical interconnect link between processors and memory that meets the stringent energy and bandwidth a) Electronic mail: krishna.coimbatorebalram@bristol.ac.uk constraints and removes the need for an on-chip serializer/deserializer (SERDES) 6, 7 . In addition, an efficient modulator is a key component for optical approaches to RF detection 8 and transduction, which has applications ranging from radio astronomy and MRI to quantum information processing 9, 10 . In this work, we demonstrate the operation of high frequency AOMs using a commercial MEMS foundry platform (Piezo-MUMPS). The device geometry ( Fig.1(a) ) consists of a 500 nm piezoelectric aluminum nitride (AlN) film, sandwiched between a top electrode made of aluminum (t Al = 1 µm) and a bottom electrode made of p-doped Si (t Si = 10 µm). A schematic of the device cross-section is shown in (Fig.1(b) ). The device is operated as a collinear doubly-resonant (acoustic and optical) cavity with the light incident from the silicon side ( Fig.1(c) ). Since the AO interaction efficiency is proportional to the intracavity acoustic and optical power, the doubly-resonant geometry helps to significantly enhance the interaction strength, resulting in higher modulation efficiency [11] [12] [13] [14] .
II. DEVICE DESCRIPTION AND OPERATION
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In contrast to traditional AOMs that rely on the AO effect, utilizing the refractive index change induced by an acoustic wave, these devices primarily exploit the change in the optical cavity length caused by the excitation of the acoustic mode (moving boundary effect) 15 . The benefits of working with a suspended MEMS platform are immediately apparent. As both top and bottom surfaces are free to move, we can achieve larger cavity displacements for the same circulating acoustic power. In addition, the small cavity size (L opt ) allows us to work with higher frequency acoustic modes and achieve larger AO coupling strengths as the optical frequency shift (dω opt /dL opt ) scales ∼ ω opt /L opt . The mechanical modes of the structure are high-overtone bulk acoustic wave resonances (HBAR) 16 that are excited when an RF signal is applied across the AlN. This allows us to exploit the d 33 coefficient of AlN for efficient RF to mechanical transduction, a process at the heart of RF filtering in modern smartphones 17 . In contrast to surface acoustic wave based acousto-optic devices 18 , HBAR provides a better route for achieving high mechanical frequencies (> 10 GHz) as the transducer performance does not degrade significantly 6 . The electro-mechanical performance of the device can be characterized by measuring the RF reflection (S 11 ) spectrum of the device with a vector network analyzer (VNA). A typical broadband scan is shown Fig.2 , with the insets showing narrowband scans of two modes. The periodic series of dips in the S 11 spec-FIG. 2. RF reflection spectrum (S11) of a representative device. The dips correspond to the successive longitudinal acoustic cavity modes. The insets show narrowband S11 spectra of two resonant modes fit with a Lorentzian lineshape (red).
trum correspond to the successive longitudinal acoustic eigenmodes of the structure. The 2D z-displacement profile (modelled using a finite element solver COMSOL) of three successive modes is shown in Fig.1(d) , where the displacement profiles clearly show acoustic energy trapping due to mass loading from the Al electrode 19 . As the acoustic wave dissipation with frequency 20 ∼ f 2 , having a short acoustic cavity (L cav mech ≈ 11.5 µm) allows us to increase the acoustic energy density (and the corresponding cavity displacement) at high frequencies. In fabricated devices, Q mech varies depending on the mode number and lies between 500-800, limited mainly by the surface roughness of the top Al electrode. The device geometry also serves as a planar optical Fabry-Perot (FP) cavity (L cav opt ≈ 10.5µm) with the aluminum contact serving as the top mirror. By depositing a thin film of gold (25-30 nm) on the bottom silicon side, we can improve the bottom mirror reflectivity and boost the optical quality factor (Q sim ≈ 800, Q expt ≈ 400). The AO performance of the device is characterized using the setup shown in Fig.3 , where the modulator is operated in reflection from the silicon (gold coated) side ( Fig.1(c) ). We use a polarizing beam splitter in conjunction with a quarter wave plate to separate the reflected beam from the incident beam 21 . One of the optical FP modes measured using such a reflection scan is shown in Fig.5 (green curve) . For the AO modulation measurement, the laser wavelength is set at the point of maximum slope of the optical cavity reflection spectrum. This transforms the optical phase (frequency) fluctuations induced by the cavity displacement into amplitude fluctuations which can be detected with a high-speed photodetector (PD). An RF signal from the VNA is used to drive the cavity mechanics and the output of the PD, which measures the modulation, is fed back to the VNA. The transmission response (S 21 ) of the VNA thus measures the AO transfer function and can be used to extract the AO modulation index 14 . A representative broadband scan of the S 21 spectrum is shown in Fig.4(a) , overlaid with the S 11 spectrum. Narrowband scans around a couple of modes are shown in Fig.4(b-c) showing good correspondence between the S 11 and S 21 data.
III. DISCUSSION
To quantify the AO interaction, we start with the coupled equations of cavity optomechanics, which characterize the interaction between the cavity optical and acoustic fields 22 :
where the symbols represent: a(t) cavity optical field, ∆ laser detuning from the cavity resonance, G = dω opt /dz the optomechanical coupling rate which captures the shift in cavity frequency (ω opt ) due to motion, η c cavity coupling coefficient, κ the optical cavity decay rate, a in the input optical field, z(t) the acoustic cavity displacement, Γ the mechanical decay rate, Ω m the resonant frequency of the cavity and χV RF (t) represents the piezoelectric driving term. The optical cavity frequency oscillates at ω opt (t) = ω opt,0 + β cos(Ω m t) where ω opt,0 is the unperturbed cavity frequency and β = G∆z/Ω m = ∆f m /f m is the modulation index (ratio of peak frequency deviation ∆f m to the modulation frequency f m ). The modulated cavity field can be expressed as:
where R is the cavity reflectivity and L(Ω) is the Lorentzian cavity response defined as:
The field incident on the PD is a out = a in − √ η c κa cav , which provides a voltage output to the VNA:
where η P D is the PD responsivity (A/W) and Z load the VNA input impedance. This can be expressed in terms of the cavity parameters as
where P in is the input optical power and L i with i = {S, AS, 0} is the Lorentzian function in Eq.4 with detuning corresponding to the Stokes (−Ω m ), Anti-Stokes (+Ω m ), and pump fields (0). To verify the validity of our model, we scanned the laser across the optical resonance and measured the AO modulation (S 21 amplitude) as a function of laser wavelength for a fixed mechanical resonance (f m = 1.094 GHz). Fig.5 plots the measured data (dark blue), along with with the theoretical fit from eq.6 (magenta) showing good agreement.
FIG. 5.
Experimental data (dark blue) and theoretical fit (magenta) for the AO modulation as a function of laser wavelength. The reflection spectrum of the optical cavity mode (green), along with Lorentzian fit (red) are also shown.
The modulation index (β) for each mode can be extracted from the broadband S 21 scan (Fig.4(a) ) and the results are shown in Fig.6 for disks of different radii (r : 35 − 50µm). We measured a maximum β ≈ π/2 for the ≈ 1.096 GHz resonance and ≈ π/8 for the ≈ 2.115 GHz resonance, for an RF input power (P RF ) of 1 mW. The highest β (≈ 4.5π) is achieved for the low frequency ≈ 350 MHz mode (shown in the inset of Fig.6 ). This is expected as the low frequency mode has a higher displacement amplitude (∆L cav mech ≈ 125 pm) and correspondingly larger cavity frequency shift (∝ G∆L cav mech ). Although we achieve strong phase modulation, the amplitude modulation is weak on account of the low optical quality factor (Q opt ≈ 400). From eq.3, we can see that the sideband amplitude ∼ βΩ m /κ which limits the scattering efficiency in the regime Ω m κ. In order to measure the power in the sidebands directly (complementary to the homodyne VNA S 21 measurement), we added an RF amplifier (16 dB gain) to enhance β and observe the modulated optical spectrum, shown in Fig.7 . The AO coupling is dominated by the moving boundary (MB) contribution, which can be approximated as G ≈ 2ω opt /L cav opt for the even (symmetric) displacement modes (e.g. the 1.09 and 1.78 GHz modes in Fig.1(d) ) and 0 for the odd (anti-symmetric) displacement (1.45 GHz mode in Fig.1(d) ).
The AO contribution can be estimated (in a 1D approximation) from S zz (z)p 12 |E(z)| 2 dz where S zz (z) is the strain, p 12 is the photoelastic coefficient and E(z) the electric field of the optical cavity mode. The relative contributions of the two effects, for each of the acoustic cavity resonances, are plotted in Fig.8 . The MB contribution dominates at all frequencies, except near the Brillouin frequency of silicon, where the AO interaction becomes phase-matched ( k acoustic = 2 k opt ) 23 and the optomechanical coupling can be significantly enhanced.
Brillouin
Low frequency   FIG. 8 . Optomechanical coupling (G) due to the movingboundary (MB, red) and acousto-optic effects (AO, blue) for successive acoustic modes. The cavity acoustic and optical fields are shown at the two frequency extremes (low frequency and Brillouin) in the inset.
The even-odd mode coupling can be clearly discerned in the high frequency modes (> 2.5 GHz) in Fig.4 (a) (green and red arrows) where the modes alternate between finite and zero modulation. We are not able to observe this trend in the low frequency modes (< 2 GHz) and believe this is primarily due to mode coupling, owing to the highly symmetric (circular) geometry of our electrodes, which we will address in our next fabrication run. Moving forward, we hope to improve the viability of this approach by focusing our research efforts on two fronts: improving Q opt by enhancing the bottom mirror reflectivity and scaling the architecture to 2D arrays.
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